The recent rapid growth of utility-scale photovoltaic (PV) deployment and the declining costs of energy storage technologies have stimulated interest in combining PV with energy storage to provide dispatchable energy (i.e., energy on demand) and reliable capacity (i.e., grid stability).
ii This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 
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Executive Summary
The recent rapid growth of utility-scale photovoltaic (PV) deployment and the declining costs of energy storage technologies have stimulated interest in combining PV with energy storage to provide dispatchable energy (i.e., energy on demand) and reliable capacity (i.e., grid stability).
In particular, the use of lithium-ion batteries in U.S. utility-scale applications has grown in recent years owing to the technology's favorable cost and performance characteristics. This study is our first time to use bottom-up modeling to benchmark the installed costs of various standalone lithium-ion storage (with storage connected to the grid only) and PV-plus-storage (with storage connected to PV and the grid) system configurations. The PV-plus-storage configurations include 1) co-located PV-plus-storage systems vs. PV-plus-storage systems in different locations, and 2) direct current (DC) coupled vs. alternating current (AC) coupled battery configurations for the co-located PV-plus-storage systems.
Figure ES-1 shows the modeled costs of standalone lithium-ion energy storage systems with an installed capacity of 60 MW able to provide electricity for several different durations. Assuming a constant per-energy-unit battery price of $209/kWh, the system costs vary from $380/kWh (4-hour duration system) to $895/kWh (0.5-hour duration system). The battery cost accounts for 55% of total system cost in the 4-hour system, but only 23% in the 0.5-hour system. At the same time, non-battery cost categories accounts for an increasing proportion of the system cost as duration declines. iv This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Figure ES-2 summarizes our PV-plus-storage model results for several system types and configurations. Each uses a 100-MW PV system and a 60-MW lithium-ion battery that provides 4 hours of storage:
• Standalone 100-MW PV system with one-axis tracking ($111 million)
• Standalone 60-MW/240-MWh, 4-hour-duration energy storage system ($91 million)
• Co-located, DC-coupled PV (100 MW) plus storage (60 MW/240 MWh, 4-hour duration) system ($186 million) • Co-located, AC-coupled PV (100 MW) plus storage (60 MW/240 MWh, system ($188 million) • PV (100 MW) plus storage (60 MW/240 MWh, 4-hour duration) system with PV and storage components sited in different locations ($202 million)
Co-locating the PV and storage subsystems produces cost savings by reducing costs related to site preparation, land acquisition, permitting, interconnection, installation labor, hardware (via sharing of hardware such as switchgears, transformers, and controls), overhead, and profit. The cost of the co-located, DC-coupled system is 8% lower than the cost of the system with PV and storage sited separately, and the cost of the co-located, AC-coupled system is 7% lower.
Using DC-coupling rather than AC-coupling results in a 1% lower total cost, which is the net result of cost differences between DC-coupling and AC-coupling in the categories of solar inverter, structural balance of system (BOS), electrical BOS, labor, EPC (engineering, procurement, and construction) and developer overhead, sales tax, contingency, and profit.
For an actual project, however, cost savings may not be the only factor in choosing DC or AC coupling. Additional factors-such as retrofit considerations, system performance, design flexibility, and operations and maintenance-should be considered.
The benchmarked costs could facilitate PV-plus-storage project development, and the itemized cost savings could incentivize deployment of co-located PV-plus-storage systems. In addition, the model can help industry representatives evaluate the cost impacts of various battery durations for grid applications. Finally, the model can be used to estimate future potential cost-reduction opportunities for PV-plus-storage systems, helping to guide research and development aimed at advancing cost-effective system configurations.
v This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. vii This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. Figure ES- 
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Introduction
The recent rapid growth of utility-scale photovoltaic (PV) deployment and the declining costs of energy storage technologies have stimulated interest in combining PV with energy storage to provide dispatchable energy and reliable capacity-particularly as the U.S. utility storage market has begun moving away from short-term power regulation and toward longer-term temporal shifting of renewable generation. The large-scale power interruptions caused by recent extreme weather/fire events in Puerto Rico, Houston, and California have also highlighted the need to improve the reliability and resiliency of U.S. electricity systems. The integration of renewable generation and energy storage offers a way to cost-effectively diversify and strengthen the nation's energy portfolio.
Historically, cost has been a barrier to deployment of PV and storage technologies, but improvements in both types of technologies are changing the economics rapidly. In particular, the use of lithium-ion (Li-ion) batteries in U.S. utility-scale applications has grown in recent years owing to the technology's favorable cost and performance characteristics. Still, utilityscale PV-plus-storage applications are in their infancy. The only such U.S. system recorded in the U.S. Department of Energy (DOE) Energy Storage Database is a 13-MW PV plus 52-MWh energy storage system in Kauai, Hawaii.
In order to provide a baseline for the accurate and transparent assessment of utility-scale PVplus-storage systems, in this report we use the National Renewable Energy Laboratory's new bottom-up modeling tool to benchmark the installed costs of various standalone Li-ion storage and PV-plus-storage system configurations for utility-scale applications. Our analysis illustrates the tradeoffs between system choices including short-versus long-duration batteries, co-location versus separate location of battery and PV subsystems, and direct current (DC) versus alternating current (AC) coupling of co-located PV-plus-storage systems.
The remainder of this report is structured as follows. Section 2 provides a brief overview of energy storage technology options and deployment history. Section 3 focuses on Li-ion battery storage trends. Section 4 describes our cost models, and Section 5 shows the modeled cost results.
Energy Storage Technology Options and Deployment History
Numerous energy storage technologies have been deployed over the past century. Early largescale systems typically employed physical or thermal storage media. However, widespread use of such systems has been hindered by cost, energy density, and siting disadvantages.
For example, in a pumped hydro storage system, water is pumped uphill into a reservoir and later released downhill through hydroelectric turbines to convert the stored potential energy into electricity. The first large-scale U.S. pumped hydro system was built in 1929 near New Milford, Connecticut (DOE 2018). In 1985, the country's largest pumped hydro system-with a generation capacity of 3 GW-was completed in Bath County, Virginia, after 8 years of construction (DOE 2018) . Nationwide, 40 pumped hydro systems are operating today (DOE Energy Storage Database 2018). This technology typically has a roundtrip energy efficiency of 70%-80%, but siting presents major challenges. Cost-effective sites must have characteristics that enable damming of waterways to create a reservoir, usually requiring a large area remote from energy-demand centers. Even when a suitable site is identified, environmental and landownership considerations may hinder project approvals.
Compressed air energy storage (CAES) is another established technology that uses a physical storage mechanism. Energy is stored via air compression, and later the air is expanded to generate electricity. The lone large CAES system operating in the United States is the 110-MW plant in McIntosh, Alabama, which uses compressed air to run a natural gas turbine more efficiently (DOE Energy Storage Database 2018). CAES entails drawbacks that have hindered its deployment. Large-scale systems typically require specific geographical characteristics such as underground caverns that can be sealed to hold the compressed air. In addition, roundtrip efficiency of current technologies is only 40%-55% (Chen et al. 2013) , and natural gas is consumed in the reconversion process. However, emerging CAES approaches offer higher theoretical efficiencies and generation without the need for fossil fuel combustion (Energy Storage Association 2018).
More recently, other types of energy storage have begun to be deployed at scale. Figure 1 shows the characteristics of energy storage technologies for systems built between 1958 and 2017 worldwide, categorized by storage type: electrochemical, electromechanical, thermal, and hydrogen. 1 Pumped hydro is not shown because its global capacity is much larger than the capacity of the other technologies. These technologies can be grouped into power applications (short duration or discharge time, such as Li-ion batteries) and energy applications (long duration or discharge time, such as CAES). Excluding pumped hydro, the technologies with the largest deployed capacities are molten salt thermal storage (associated with concentrating solar power plants), CAES, and Li-ion batteries. 
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Lithium-Ion Battery Storage Trends
Utilities have begun adopting Li-ion storage because of the technology's high roundtrip efficiency, high power density, ample supply chain availability, falling cell and system costs, and favorable performance metrics. Most Li-ion applications to date have provided short-duration power and grid stabilization, capturing value from various services including frequency response, voltage regulation, spinning reserves, transmission deferment, peak shaving, and demand response-and often providing a positive rate of return through this value stacking. Worldwide, Li-ion systems have an average duration of 1.6 hours and a power rating of 2.8 MW per system (Figure 1 ). Providing load shifting will require larger battery packs, which currently account for the largest share of system cost.
The United States is the world's leader in Li-ion storage deployment, mostly because of utilityscale storage systems. Between 2008 and 2017, it accounted for 40% of cumulative global Li-ion capacity (Figure 3) . Of the U.S. Li-ion capacity through 2017, approximately 495 MW (92% of the capacity) was deployed in the utility-scale sector (systems larger than 1,000 kW), 8% in the commercial sector (systems of 10-1,000 kW), and less than 1% in the residential sector (systems smaller than 10 kW), as shown in Figure 4 . 
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. Table 1 characterize U.S. Li-ion storage systems by sector. On average, utility-scale systems have a power rating of 9.9 MW and a duration of 1.7 hours. The utility-scale duration varies from about 0.5 to 4 hours between the 10 th and 90 th percentiles. For this reason, we model four utility-scale Li-ion storage duration cases: 0.5, 1, 2, and 4 hours. At the short end of the duration spectrum, the storage would mainly be used to maintain the real-time balance between generation and load as well as smooth short-term variations in voltage and current for frequency response. At the long end, the storage could defer transmission and distribution upgrades as well as mitigate variable energy output caused by renewable generation.
In this report, we focus on utility-scale storage systems. A previous report focused on residential storage systems . For the baseline case, we use 4-hour storage according to the California Public Utilities Commission's "4-hour rule," which credits storage that can operate for 4 or more consecutive hours with the ability to provide reliable peak capacity (Denholm et al. 2017) .
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. Figure 6 shows the detailed bottom-up cost structure of our standalone storage model, which uses a similar structure to our previously developed PV cost model (Fu et al. 2015 (Fu et al. , 2016 . Total system upfront capital costs are broken into engineering, procurement, and construction (EPC) costs and developer costs. EPC non-hardware or "soft" costs are driven by labor rates and labor productivities. We adapt engineering-design and cost-estimating models from RSMeans (2017) to determine the EPC hardware costs (including module/battery racking, mounting, wiring, containerization, and foundation) and related EPC soft costs (including related labor and equipment hours required in any given U.S. location). Section 4.1 presents additional detail on the Li-ion standalone storage model, and Section 4.2 shows results from the combined PV-plusstorage model. 
Cost Models
Lithium-Ion Standalone Storage Cost Model
To reduce installation costs, some battery manufacturers may combine Li-ion battery cells, a battery management system, and the battery inverter in one compact unit (Sonnen Batterie 2018) as an AC battery. However, in this report, we focus on traditional DC batteries typically configured with the four major components shown in Figure 7 and Figure 8 . Power conversion system (bidirectional inverter to convert AC to DC for battery charging and DC to AC for discharging)
Transformer (to step up 480-V inverter output to 12-66 kV)
Storage container (HVAC system, thermal management, monitors and controls, fire suppression, switchgear, and energy management system) Table 2 lists our model inputs and assumptions for such a utility-scale energy storage system. We determined the battery size (60 MWDC) 6 using an inverter loading ratio (ILR) of 1.3 and an inverter/storage size ratio of 1.67, based on Denholm et al. (2017) . We use these inputs to calculate energy storage cost via the following equation 7 : Figure 9 and Table 3 show the resulting $/kWh costs for 60-MW Li-ion energy storage systems, which vary from $380/kWh (4-hour duration) to $895/kWh (0.5-hour duration). Because the perenergy-unit battery cost remains constant at $209/kWh, the total battery cost-and the proportion of the cost attributed to the battery-decrease as system duration decreases. For example, the battery cost accounts for 55% of total system cost in the 4-hour system, but only 23% in the 0.5-hour system. At the same time, non-battery cost categories accounts for an increasing proportion of the system cost as duration declines. 
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 
PV-Plus-Storage System Cost Model
Here we combine our energy storage cost model with our PV system cost model in various configurations: 1) co-located PV-plus-storage systems vs. PV-plus-storage systems in different locations, and 2) DC-coupled vs. AC-coupled battery configurations for the co-located PV-plusstorage systems. As shown in Table 4 , co-location enables sharing of several hardware components between the PV and energy storage systems, which can reduce costs. Co-location can also reduce soft costs related to site preparation, land acquisition, installation labor, permitting, interconnection, and EPC/developer overhead and profit. When PV and battery storage are co-located, the subsystems can be connected by a DC-coupled or AC-coupled configuration (Figure 10) . A DC-coupled system needs only one bidirectional inverter, connects battery storage directly to the PV array, and enables the battery to charge and discharge from the grid. On the other hand, an AC-coupled system needs both a PV inverter and a bidirectional inverter, and there are multiple conversion steps between DC and AC to charge or discharge the battery. Also, the transmission line could be used for both PV and battery storage systems.
The advantages of the DC-coupled system include the following:
1. A DC-coupled system uses only a single bidirectional inverter (Table 5) , thus reducing costs for the inverter, inverter wiring, and inverter housing.
3. Because the battery is connected directly to the solar array, excess PV generation that would otherwise be clipped by an AC-coupled system at the inverter level can be sent directly to the battery, which could improve system economics (DiOrio 2018). The advantages of the AC-coupled system include the following:
1. Because the battery racks are not directly connected to the PV system in AC-coupled systems, these systems can use larger battery racks and thus reduce the number of HVAC and fire-suppression systems in the containers. This feature also reduces installation labor costs compared with DC-coupled systems.
2. For a retrofit (i.e., adding battery storage to an existing PV array), an AC-coupled battery may be more practical than a DC-coupled battery, because DC-coupled systems require installers to replace the existing PV inverter with a bidirectional inverter. Thus, the additional costs due to replacing the inverter and rewiring the system could make retrofit costs higher for a DC-coupled system compared with an AC-coupled system . In addition, AC-coupled systems enable the option of upgrading the PV and battery separately, because these systems are independent of one another.
3. Because AC-coupled systems have separated PV and battery systems, installers have more flexibility to adjust the battery location. For instance, DC-coupled systems require batteries to be installed next to the bidirectional inverter, and the resulting need for maintenance crews to enter the PV field can make maintenance more time consuming. Because AC-coupled systems can have batteries located outside of the PV field, maintenance work can be quicker and easier.
Model Results and Summary
Figure 11 summarizes our model results for several system types and configurations:
• Co-located, DC-coupled PV (100 MW) plus storage (60 MW/240 MWh, 4-hour duration) system ($186 million) • Co-located, AC-coupled PV (100 MW) plus storage (60 MW/240 MWh, 4-hour duration) system ($188 million) • PV (100 MW) plus storage (60 MW/240 MWh, 4-hour duration) system with PV and storage components sited in different locations ($202 million) Table 6 shows detailed costs for the three PV-plus-storage configurations. Co-locating the PV and storage subsystems produces cost savings by reducing costs related to site preparation, land acquisition, permitting, interconnection, installation labor, hardware (via sharing of hardware such as switchgears, transformers, and controls), overhead, and profit. The cost of the co-located, DC-coupled system is 8% lower than the cost of the system with PV and storage sited separately, and the cost of the co-located, AC-coupled system is 7% lower.
Using DC-coupling rather than AC-coupling results in a 1% lower total cost, which is the net result of cost differences between DC-coupling and AC-coupling in the categories of solar inverter, structural BOS, electrical BOS, labor, EPC and developer overhead, sales tax, contingency, and profit. For an actual project, however, cost savings may not be the only factor in choosing DC or AC coupling. Additional factors-such as retrofit considerations, system performance (including energy loss due to clipping), design flexibility, and operations and maintenance-should be considered.
In summary, the National Renewable Energy Laboratory's new bottom-up cost model can be used to assess the costs of utility-scale PV-plus-storage systems using various configurations. The itemized cost savings could incentivize deployment of co-located PV-plus-storage systems.
In addition, the model can help industry representatives evaluate the cost impacts of various battery durations for grid applications. Finally, the model can be used to estimate future potential cost-reduction opportunities for PV-plus-storage systems, helping to guide research and development aimed at advancing cost-effective system configurations. In the future, we will continue updating the model inputs and expand our model to cover more economic metrics, such as LCOS (Levelized Cost of Storage). 
Appendix. Figure Data from DOE Energy Storage Database
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